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Novel penta-graphene nanotubes: strain-induced structural and
semiconductor–metal transitions
Abstract
Research into novel one-dimensional (1D) materials and associated structural transitions is of significant
scientific interest. It is widely accepted that a 1D system with a short-range interaction cannot have 1D phase
transition at finite temperature. Herein, we propose a series of new stable carbon nanotubes by rolling up
penta-graphene sheets, which exhibit fascinating well-defined 1D phase transitions triggered by axial strain.
Our first-principles calculations show that such penta-graphene nanotubes (PGNTs) are dynamically stable
by phonon calculations, but transform from a tri-layer structure to a highly defective single-walled nanotube at
low temperature in molecular dynamics simulations. We show that moderate compressive strains can drive
structural transitions of (4,4), (5,5), and (6,6) PGNTs, during which the distances of neighboring carbon
dimers in the inner shell have a sudden drop, corresponding to dimer–dimer nonbonding to bonding
transitions. After such transition, the tubes become much more thermally stable and undergo
semiconductor–metal transitions under increasing strain. The band gaps of PGNTs are not sensitive to
chirality whereas they can be tuned effectively from visible to short-wavelength infrared by appropriate strain,
making them appealing materials for flexible nano-optoelectronics. These findings provide useful insight into
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The research of novel one-dimensional (1D) materials and associated structural 2 
transitions is of significant scientific interest. It is widely accepted that a 1D system 3 
with short-range interaction cannot have 1D phase transition at finite temperature. 4 
Herein, we propose a series of new stable carbon nanotubes by rolling up 5 
penta-graphene sheets, which exhibit fascinating well-defined 1D phase transitions 6 
triggered by axial strain. Our first-principles calculations show that such 7 
penta-graphene nanotubes (PGNTs) are dynamically stable by phonon calculations, 8 
but transform from tri-layer structure to highly defective single-walled nanotube at 9 
low temperature in molecular dynamics simulations. We show that moderate 10 
compressive strains can drive structural transitions of (4, 4), (5, 5), and (6, 6) PGNTs, 11 
during which the distances of neighboring carbon dimers in inner shell have a sudden 12 
drop, corresponding to the dimer-dimer nonbonding to bonding transitions. After such 13 
transition, the tubes become much more thermally stable and undergo 14 
semiconductor-metal transitions under increasing strain. The band gaps of PGNTs are 15 
not sensitive to chirality whereas can be tuned effectively from visible to 16 
short-wavelength infrared by appropriate strain, making them appealing materials for 17 
flexible nano-optoelectronics. These findings provide useful insight into unusual 18 
phase transitions in low-dimensional systems. 19 
Keywords: Penta-graphene nanotube, strain engineering, first-principles calculations, 20 
structural phase transition, electronic band structure   21 
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1. Introduction 1 
Exploration of novel one-dimensional (1D) materials and associated structural 2 
transitions is of great interest as well as scientific and technological importance.1-5 3 
Striking experimental and theoretical investigations have been made in the past on 4 
structural phase transitions of large amounts of bulk crystalline materials (e.g., 5 
BaFe2As2,6 Ba(Fe1−xCox)2As2,7 group-IV compounds8) and two-dimensional 6 
nanomaterials (e.g., TaSe2,9 MoN2,10 Mo- and W-dichalcogenide monolayers11) 7 
induced by strain and other physical means. However, it is widely accepted that a 1D 8 
system with short-range interaction cannot have 1D phase transition at finite 9 
temperature.4 Recently, a defects-induced 1D phase transition has recently been 10 
achieved on the graphene edges, with dramatically different electrical transport 11 
behaviors.4 However, such instances are still rare, especially for typical 1D nanotubes. 12 
Now various types of nanotubes, such as Si,12 BN,13 MoS2,5 phosphorus,14 etc. have 13 
been proposed or synthesized. In particular, multiple carbon nanotubes (CNTs) are 14 
one of the hottest stars for decades due to their exceptional physical phenomena and 15 
technological paradigms.15, 16 The versatile bonding capabilities for carbon 16 
structures17 lead us to speculate that fascinating phases and desired 1D transitions 17 
might be discovered. 18 
Pentagon-based CNTs, named penta-graphene nanotubes (PGNTs), formed by 19 
rolling of penta-graphene are the most recently proposed stable 1D carbon allotrope.18, 20 
19 In contrast with graphene and its derivatives,20-22 penta-graphene, has a thickness of 21 
~1.2 Å and consists of one central sp3 carbon sub-lattice and two top and bottom 22 
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perpendicular symmetrically nonequivalent sp2 carbon dimers sub-lattices.23 As 1 
depicted in Fig. 1a, the rolling of penta-graphene could produce two types of PGNTs 2 
with inner dimers parallel (direct α-phase) or perpendicular (inverted β-phase) to the 3 
main axis of tube. More information on their structures can be found in the ESI. † The 4 
unsaturated carbon dimer might cause unexpected structural transition through 5 
physical means, i.e., profound changes in bonding status by strain. Additionally, since 6 
PGNT represents a meta-stable state of carbon, a natural question arises as to whether 7 
the phase transition from PGNT to an energetically preferable configuration is 8 
possible.  9 
Unlike most explored 2D materials with band gaps of smaller than 2.0 eV, 10 
penta-graphene was found to be a quasi-direct gap semiconductor with quasiparticle 11 
bandgap of ~4.48 eV, opening up exciting possibilities for optoelectronic devices with 12 
photoresponse in the ultraviolet range.23-25 Meanwhile, direct PGNTs are 13 
semiconducting regardless of chirality, in contrast to the heterogeneity of electronic 14 
properties for hexagon-based CNTs (h-CNTs).18 Thus, direct PGNTs are particularly 15 
useful for potential applications in nanoelectronics. However, the PBE band gaps of 16 
most direct PGNTs are larger than 2.3 eV, 18 restricting their applications in the 17 
infrared range, which is important for optoelectronic technologies such as 18 
telecommunications and solar energy harvesting. Significantly, the capability to 19 
control the gap sizes of CNTs is highly desired to build future nanodevices. 1D CNTs 20 
possessing atomic thickness typically have great mechanical flexibility and could 21 
sustain much larger strains, thus strain could cause substantial changes in the 22 
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electronic properties, resulting in new optoelectronic properties and applications in 1 
devices.10, 16, 24, 26-29 2 
 3 
Fig. 1 (a) Illustration of chiral vectors of PGNTs. Dashed lines with arrows denote the 4 
lattice basis vector. Top and side views of atomic structure of some PGNTs are also 5 
illustrated in bottom panel. The atoms of inner dimers in direct and inverted PGNTs 6 
are shown by blue and green balls, respectively. And the sp3 carbon atoms in middle 7 
shell of PGNTs shown by grey balls. Dependence of (b) cohesive energy and (c) strain 8 
energy for (n, n) PGNTs as a function of n.  9 
  In this work, based on first-principles calculations, we report findings of 10 
extraordinary 1D structural and semiconductor-metal transitions of inverted PGNTs. 11 
The β-phase can only withstand low temperatures though it is dynamically stable. We 12 
predict the transition of the β-phase to a lower energetic form with large amount of 13 
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defects at higher temperature. Strikingly, for the β-phase (4, 4), (5, 5) and (6, 6) 1 
PGNTs, distance between the inner carbon dimers has an abrupt change upon 2 
applying strains, leading to the emergence of a new member of the CNTs family. We 3 
also predict the semiconductor-metal transitions for specified nanotubes at critical 4 
strains. Therefore, our discovery predicts the 1D phase transition for a new type of 5 
CNTs, and the highly tunable electronic properties will make them a promising 6 
material for nanoscale devices.  7 
2. Computational details 
8 
Structural relaxation and electronic band structure calculations were carried out using 
9 
the density functional theory (DFT), implemented in the Vienna ab initio simulation 
10 
package (VASP).30-32 Projector augmented wave (PAW) method33 was used to treat 
11 
interactions between ion cores and valance electrons. The exchange-correlation 
12 
potential was incorporated by using the generalized gradient approximation using the 
13 
Perdew–Burke–Ernzerh of functional,34 whereas a hybrid HSE06 functional35, 36 was 
14 
utilized for high accuracy electronic structure calculations. Periodic boundary 
15 
conditions were applied along the tube axis (taken as z axis) and sufficient vacuum 
16 
space (~20 Å) was kept in the x and y directions to make sure that there is no 
17 
interaction between PGNTs. The 1×1×8 Monkhorst–Pack37 k meshes along the tube 
18 
axis and a plane-wave cutoff energy of 500 eV were used. For geometry relaxation, 
19 
the convergence thresholds for total energy and atomic force components were set at 
20 
10−4 eV and 10−3 eV/Å, respectively. Phonon properties were computed using the 
21 




supercells were calculated through the density-functional perturbation theory (DFPT) 
1 
as implemented in VASP. In ab initio molecular dynamics (AIMD) simulations, NVT 
2 
canonical ensemble was used. Temperature control was achieved by Nosé-Hoover 
3 
thermostat.39, 40 A large supercell (1×1×3) was adopted. The time step was 1.5 fs. A 
4 
series of AIMD tests were made for each kind of PGNTs under several temperatures. 
5 
Eventually, we selected some temperatures which the PGNTs show representative 
6 
atomic configurations at the end of simulations. 
7 
3. Results and discussion 
8 
3.1 Structure and energetic stability 9 
As depicted in Fig. 1a, starting from 2D penta-graphene, the (n, n) penta-graphene 10 
nanotube can be constructed by rolling up the sheet along chiral vectors n = m in a 11 
and b in-plane directions using positive or negative c orientation. Thus, two classes of 12 
PGNTs can be distinguished: direct α-phase and inverted β-phase with inner dimers 13 
parallel and perpendicular to the main axis, respectively. Note that the curvature 14 
effects become pronounced at small radius. For relaxed inverted (3, 3) PGNT, the 15 
inner dimers are bonded to each other, changing the bonding status and resulting in a 16 
new form of γ-phase PGNT. In this study, we mainly study the direct and inverted (n, 17 
n) PGNTs with n ranging from 2 to 8. 18 
In order to estimate the energetic stability of penta-tubes, we first calculated their 19 
cohesive energies shown in Fig. 1b using the formula Ec=Etotal˗N×Eatom, where Etotal is 20 
the total energy of the unit cell, N is the number of carbon atoms in the cell and Eatom 21 
is the energy of the isolated carbon atoms. The cohesive energy for penta-graphene 22 
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was also computed for comparison. Except for the (2, 2) PGNT, the cohesive energies 1 
of α-phase PGNTs are much smaller than those of inverted ones, indicating that the 2 
direct PGNTs are energetically preferable. It is noteworthy that the cohesive energies 3 
of direct PGNTs with n=4-8 are even slight smaller than that of the penta-graphene, 4 
implying that pentagonal structure of carbon prefers a tubular shape to the flat sheet.  5 
The strain energies of PGNTs and h-CNTs defined as the difference of the energy 6 
per atom in the nanotube and that in the corresponding infinite sheet are plotted in Fig. 7 
1c. It can be seen that the strain energies of α- and β-phases follows the usual 1/D2, 8 
where D is the tube diameter. The strain energy of inverted PGNT is larger than that 9 
of h-CNT with equal n, since the rolling of a triple layer into a tube causes much more 10 
energy penalty than rolling a single layer. However, the direct tubes have a lower 11 
strain energy than h-CNTs, especially for tubes with n=4-8 showing negative strain 12 
energies. In penta-graphene, the uncompensated mechanical stress created by two 13 
mutually orthogonal sp2 carbon dimers sub-lattices causing finite internal bending 14 
torque and large final curvature of the sheet so that the formation of nanotubes is 15 
energetically competitive.19 Interestingly, the direct nanotube with stretched outer 16 
dimers perpendicular to the axis is more energetically favorable than the inverted one 17 
with compressed inner dimers, resulting in the distinguishing different cohesive and 18 
strain energies of the direct and inverted nanotubes. Overall, the direct phases are 19 
energetically more stable, and are easier to be fabricated than the inverted ones. 20 
3.2 Strain-induced 1D phase transition 21 
Though the larger cohesive and strain energies of inverted penta-tubes make them less 22 
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stable, it may facilitate the 1D phase transitions for them. To explore the possible 1 
structural transition, we examine the variation of total energy per atom for both direct 2 
and inverted penta-tubes under various strains (see Fig. 2a-b and Fig. S1，Supporting 3 
Information). The strain is defined as ε = (L-L0)/L0, where L and L0 are the strained 4 
and initial tube length, respectively. And the lengths of all PGNTs refer to the 5 
difference between the maximum and minimum z coordinates of carbon atoms. In 6 
particular, total energies of β-phase (4, 4) and (5, 5) PGNTs drop suddenly by ~ 0.16 7 
eV and 0.03 eV at -6% and -8% compressive strains, respectively. The significant 8 
energy changes are induced by the structural transition evidenced by the relaxed 9 
structures below the transition shown in Fig. 2c and d. Similar to γ-phase (3, 3) PGNT, 10 
these new phases have bonded C-C dimers in inner shell, indicating the phase 11 
transition for from β- to γ- phase. From Fig. 1b, γ-(5,5) and β-(5,5) have nearly same 12 
cohesive energies of -6.712 eV and -6.717 eV, respectively. Similarity in structural 13 
transition can also be found for β-phase (6, 6) PGNT, but it does not occur for β-phase 14 
(7, 7) and (8, 8) PGNTs until the tubes are destroyed.  15 
To verify the bonding characters of inner dimers for β- and γ-phases, we plot the 16 
charge densities for (4, 4) and (5, 5) PGNTs in Fig. 2c and d. It is clear that there is 17 
charge accumulation between two neighboring dimers in the γ-phase which is found 18 
to be absent in the β-phase. Hence the C dimers bonding status changes from 19 
nonbonding to bonding across the phase transition. Importantly, in γ-phase the bonds 20 
between C dimers are much weaker than that in isolated C dimers, and the bonds 21 
between C dimers of γ-phase (5, 5) PGNT are weaker than that of γ-phase (4, 4) one, 22 
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thus facilitating the structural transformation of γ-phase (5, 5) back to β-phase (5,5) 1 
under tensile strain. 2 
For comparison purposes, the total energies versus strain for γ-phase (4, 4) and (5, 5) 3 
PGNTs having same lengths with corresponding β-phase are also presented in Fig. 2a 4 
and b. Note that the value of strain indicated in the figure only apply to the β-phase. 5 
For example, the lengths of equilibrium unit cells of γ-(4,4) and β-(4,4) PGNTs are 6 
4.81 Å and 5.08 Å, respectively. And γ-(4,4) PGNT with strain of ~0.8% and β-(4,4) 7 
PGNT with strain of -6% are of the same length. Interestingly, after the tensile strain 8 
of 6%, the energy of γ-phase (4, 4) PGNT become larger than that of β-phase (4, 4) 9 
one, implying that the γ-phase is no longer favored, but the configuration can sustain 10 
the tensile strains up to 16%. However, for γ-phase (5, 5) PGNT, the energy increases 11 
more quickly than that of β-phase (5, 5) PGNT with the increase of tensile strain, 12 
rendering the energy difference of two phases increases largely. After the critical 13 
tensile strain of 8%, the γ-phase (5, 5) PGNT is regressed back to β-phase (5, 5), that 14 
is, the phase transition of (5, 5) PGNT between β- and γ-phases is reversible 15 
controlled by strain. 16 
In search of the driving mechanism of the phase transition, we pay particular 17 
attention to the distances of C-C bond in a dimer dC-C and that between two 18 
neighboring dimers dD-D in the inner shells for both phases of inverted (4, 4) and (5, 5) 19 
PGNTs as a function of strain. As shown in Fig. 2e and f, the dD-D for unstrained 20 
β-phase (4, 4) and β-phase (5, 5) PGNTs are 2.78 Å and 2.95 Å, respectively, which is 21 
far beyond the typical C-C bond length, resulting in a nonbonding state. Across the 22 
11 
 
transitions under compressive strains, dD-D have abrupt changes, corresponding to the 1 
dimer-dimer nonbonding to bonding transformation. Meanwhile, dC-C increase 2 
slightly and still shorter than dD-D, indicating C-C bond in a dimer are much stronger 3 
that that between dimers and confirming the results of charge density.  4 
 5 
Fig. 2 Total energies per atom of (a) β-phase (4, 4) and (b) β-phase (5, 5) PGNTs as a 6 
function of strain. The energies of γ-phase (4, 4) and (5, 5) PGNTs having same 7 
lengths with corresponding β-phase are also plotted. But the value of strain indicated 8 
in the figure only apply to the β-phase. Top and side views of (c) γ-phase (4, 4) and (d) 9 
γ-phase (5, 5) PGNTs. Charge densities of the (001) planes cutting through inner 10 
dimers for γ-phase (4, 4), β-phase (4, 4), γ-phase (5, 5), and β-phase (5, 5) PGNTS are 11 
also shown. Distances of bonded C atoms in a dimer dC-C and that between 12 
neighboring dimers dD-D in inner shells for (e) β-phase (4, 4) and γ-phase (4, 4) and (f) 13 
β-phase (5, 5) and γ-phase (5, 5) PGNTs as a function of strain.  14 
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3.3 Dynamic and thermal stabilities 1 
To verify the thermodynamic stability of PGNTs, we calculated the phonon spectra of 2 
both direct and inverted phases presented in Fig. 3 and Fig. S2. For these PGNTS, no 3 
appreciable imaginary phonon modes are observed, demonstrating that these 4 
nanotubes are dynamically stable. The computed phonon bands for α-phase agree 5 
well with previous calculations.18 6 
Further to the stability of PGNTs at T = 0 K confirmed by structural optimization 7 
and phonon calculation, we have performed ab initio molecular dynamics (AIMD) 8 
simulations to check whether the nanotubes will remain stable at finite temperatures. 9 
The fluctuations of the total potential energies and the geometric structures at the end 10 
of the AIMD simulations for β-phase (4, 4), γ-phase (4, 4), β-phase (5, 5), and γ-phase 11 
(5, 5) PGNTs are presented in Fig. 3. We can see that the β-phase (4, 4) and β-phase (5, 12 
5) only maintain their pentagonal forms around 50 K, and will collapse at 50 K < T < 13 
300 K. However, once the β-phase (4, 4) and β-phase (5, 5) PGNTs transform to 14 
γ-phase, they can withstand temperatures at least as high as 1000 K and 500 K, and 15 
significant distortions happen at temperatures up to 1500 K and 1000 K, respectively. 16 
Additionally, from the atomic configurations at the end of simulations for other 17 
penta-tubes as shown in Fig. S3 and S4, with increasing the radius of β-phase, the 18 
temperature at which the tube become distorted increase and β-phase (8, 8) PGNT is 19 
thermally stable at least at 500 K. It should be noted that Zhang et al.18 reported the 20 
thermal stability of all α-phase (n, n) PGNTs up to 1000 K, while only shown the 21 
evolution of potential energy of α-(3, 3) PGNT at 1000 K. However, our simulations 22 
13 
 
demonstrated that α-phase (2, 2) PGNT shows structural instability below 100 K. The 1 
cross-section of α-phase with large radius deforms to ellipse or other shapes at 1000 2 
K.  3 
 4 
Fig. 3 Phonon spectra of β-phase (4, 4), γ-phase (4, 4), β-phase (5, 5), and γ-phase (5, 5 
5) PGNTs. Total energy fluctuations in during AIMD simulations are shown in the 6 
right side of each phonon spectra. The insets show the top view of atomic 7 
configurations after 6 ps.  8 
In order to examine the effect of thermal fluctuations on inverted nanotube, we 9 
inspect the distorted structures of inverted penta-tubes after the AIMD simulations at 10 
different temperatures as shown in Fig. 4 and Fig. S3. Similar evolution of the atomic 11 
configuration for β-phase with increasing temperature can be found. When the 12 
β-phase starts to deform appreciably, the cross section transforms from a circular to 13 
14 
 
square-like shape. Of note, most parts of the nanotube maintain the pentagonal 1 
tri-layer structure well, except that four adjacent pentagons around the corners sharing 2 
one outer dimer (containing 12 atoms) reform into two adjacent octagons.  3 
 4 
Fig. 4 Top and side views of atomic configurations of β-phase (4, 4), γ-phase (4, 4), 5 
β-phase (5, 5), and γ-phase (5, 5) PGNTs at the end of AIMD simulations. The 6 
snapshot shows the rings of different sizes with different colors (green, pentagons; 7 
blue, hexagons; pink, heptagons; yellow, octagons; grey, others). The time and 8 
temperature for each simulation are presented on the top.  9 
Under higher temperature, the spacing between the opposite walls of the 10 
15 
 
square-like tube becomes very close, leading to the bonding between the inner dimers. 1 
Therefore, a disordered two-layered penta-graphene is formed by thermal excitation, 2 
confirming that the two-layered penta-graphene is energetically favorable due to 3 
compensation of the stress.19 Such a behavior is more pronounced for tube with larger 4 
radius. We can also find that the dimers in octagons can be dissociated, and the 5 
octagons readjust to hexagonal or other forms. Moreover, three of the remaining 6 
adjacent pentagons (containing 10 atoms) reform into two adjacent hexagons, 7 
resulting in a (5, 7)-defect to maintain a continuous structure.41 8 
Eventually, with the increase in temperature, the structure can be transformed back 9 
to tubular character caused by the breaking C-C bonds between the inner dimers. The 10 
structure continues to lose the pentagonal arrangement and suffer strong distortion. 11 
The resulting configuration is a combination of five-, six-, seven- and other 12 
multi-member rings. Thus, the temperature-triggered structural transition occurred 13 
from a tri-layer structure to highly defective single-walled nanotube. Similar 14 
single-walled nanotube can also be obtained by heating the γ-phase at relatively high 15 
temperatures, the inner dimers prefer to dissociate and stay in the tube. Now it can be 16 
concluded that PGNTs are dynamic, energetic and thermal stable at finite 17 
temperatures, especially for the α- and γ-phases. 18 
3.4 Tunable electronic properties via strain 19 
Of special interest is the electronic band structure of PGNTs and their band gap 20 
evolutions upon applying strain. Considering the structural transition driven by strain, 21 
we present the changes in the projected band structures under different strains for β- 22 
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and γ-phases (4, 4) PGNTs shown in Fig. 5a and b. The β-phase (4, 4) PGNT without 1 
strain displays a behavior of semiconductor with a direct bandgap of 1.02 eV located 2 
at the Γ point. For the sake of simplicity, the conduction band minimum (CBM) is 3 
identified as point “C”, and the valence band maximum (VBM) as “D”. From partial 4 
charge densities shown in Fig. 5c, the CBM is mainly contributed by p orbitals of 5 
inner C atoms, and the VBM is contributed by p orbitals of outer and inner C atoms. 6 
The energy at “C” shifts upward from a tensile strain of 6% to 12%, and the CBM 7 
switches from “C” to “E”. Consequently, the band gap changes from direct to indirect. 8 
The CBM at “E” is mainly contributed by the p orbitals of outer C atoms and feebly 9 
by the inner atom. As shown in Fig. 5d, the tensile strain first increases the band gap 10 
to 1.21 eV at strain of 6% and then decreases slightly to 1.16 eV at strain of 12%. The 11 
compressive strain can reduce the band gap effectively, both the energies of CBM and 12 
VBM decrease largely, eventually, the band corresponding to the VBM is changed to 13 
another valence band mainly contributed by the p orbitals of inner C atoms. Under 14 
compressive strain of -4%, the energy of VBM at “B” away from Γ point is very close 15 
to that at the Γ. Hence, the nanotube becomes a quasi-direct gap semiconductor.  16 
Accompanying the phase transition of β-phase (4, 4) PGNT to γ-phase one, there is 17 
a semiconductor-metal transition. Under compressive strain, γ-phase (4, 4) PGNT 18 
preserves the metallic character, while small tensile strain will induce the 19 
transformation from a metal into a direct semiconductor. The semiconducting feature 20 
is mainly due to the fact that the CBM consisted of the p orbitals of middle C atoms is 21 
shifted downward significantly. Because the hybrid functional method may better 22 
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describe the band gap, we also examine the band gap of β- and γ-phases (4, 4) PGNTs 1 
using the HSE06 functional, and the band gap will be improved by ~0.9 eV. Though 2 
the γ-phase (4, 4) PGNT without strain is a direct semiconductor with a HSE06 band 3 
gap of 0.92 eV, the trend for the semiconductor-metal conversion is clear. 4 
 5 
Fig. 5 Projected band structures for (a) β-phase (4, 4) and (b) γ-phase (4, 4) PGNTs 6 
with different strains. The Fermi level was assigned at 0 eV. Partial charge densities 7 
corresponding to specific states labeled in (a) and (b) are presented in (c). (d) Band 8 
gaps of β- and γ-phases as a function of strain. Changes of band gap for β-phase with 9 
increasing n are distinguished by colored solid cycles. The band gaps of β- (4, 4) and 10 
β- (5, 5) drop to zero because of structural transitions. 11 
18 
 
The changes in the band structures and band gap for other PGNTs upon applying 1 
strains are shown in Fig. S5-9 and Fig. 5d. The overall trends in the changes of the 2 
electronic bands of β- and γ-phases (5, 5) PGNTs in response to the strain are quite 3 
similar to those for corresponding (4, 4) PGNT. Moreover, the small radius nanotubes, 4 
such as α-phase (2,2) and γ-phase (3, 3), are direct semiconductors, while the α-phase 5 
tubes with n≥3 and β-phase tubes with n≥6 have the indirect band gaps, constraining 6 
their applications to optical devices. Encouragingly, these indirect semiconductors 7 
experience an intriguing indirect-to-direct band-gap transition at relatively small 8 
compressive strains. We thus find that except for the highly curved small radius PGNT, 9 
the band gaps of the three phases of PGNTs can be tuned effectively by appropriate 10 
strain, facilitating the applications in nanoelectronics. For example, α-phase (3,3) 11 
PGNT exhibits a band gap tuning of 2.56 eV from 2.89 eV at strain of 6% to 0.43 eV 12 
at strain of -12%. Such band gaps correspond to a wide and technologically important 13 
spectral range from visible to short-wavelength infrared. 14 
4. Conclusions 15 
In summary, we have demonstrated the unusual 1D phase transition and 16 
semiconductor-metal transformation in inverted PGNTs through first-principles 17 
calculations. State-of-the-art theoretical calculations confirm that the new carbon 18 
polymorph is not only energetically and dynamically stable, but also can remain 19 
stable at finite temperatures, especially for the α- and γ-phases. The thermal 20 
fluctuations can trigger the structural transitions of β- and γ-phases from tri-layer 21 
structure to highly defective single-walled nanotube with five-, six-, seven- and other 22 
19 
 
multi-member rings. Strikingly, we predict that moderate strains can drive structural 1 
transition of β-phase (4, 4), (5, 5), and (6, 6) PGNTs to γ-phase, during which the 2 
distance of neighboring dimers in inner shell has a sudden drop caused the bonding 3 
status transitions. Following the 1D phase transition, we find the semiconductor-metal 4 
transition at critical strain. Strain effects make PGNTs to exhibit large band gap 5 
tunability range from visible to short-wavelength infrared, and the indirect band-gap 6 
nanotubes can be transformed to direct semiconductors, making them appealing 7 
materials for optoelectronic devices. Therefore, it will surely inspire further 8 
researches to explore similar phenomenon in 1D systems in the near future. 9 
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